The unique inheritance pattern of X chromosomes makes them preferential targets of adaptive evolution. We here investigate natural selection on the X chromosome in all species of great apes. We find that diversity is more strongly reduced around genes on the X compared with autosomes, and that a higher proportion of substitutions results from positive selection. Strikingly, the X exhibits several megabase long regions where diversity is reduced more than five fold. These regions overlap significantly among species, and have a higher singleton proportion, population differentiation, and nonsynonymous to synonymous substitution ratio.
Introduction
Evolution is expected to progress faster in the X chromosome than in autosomes for a wide variety of reasons [1] [2] [3] . Genetic drift is stronger on the X chromosome since only three X chromosomes exist for each four autosomal chromosomes. Fully or partly recessive variants on the X chromosomes are more frequently exposed to selection than comparable variants on the autosomes because of the hemizygosity in males. Finally, the gene content of the human X chromosome possesses an enrichment of genes involved in reproduction, brain development and muscle development 4 .
Several simple demographic processes affect the X chromosome differently, complicating the study of natural selection. First, population size changes will affect X chromosome diversity differently because X chromosome diversity equilibrates more rapidly to the new population size than autosomes 5 . Second, differentiation of X chromosomes depends on preferential migration of males or females 6 . Third, the mutation rate on the X chromosome is lower than that on the autosomes, due to a higher number of cell division in the male germ line where fewer X chromosomes reside 7, 8 . Finally, differences in female and male effective population size due to particular mating patterns will affect relative diversity on the X and autosomes 9,10 .
These potentially confounding factors contribute to the lack of consensus in the debate on whether or not the human X chromosome has been preferentially targeted by adaptive evolution 11 . Empirical evidence supports stronger signatures of selection on X chromosomes 12-15 as well as a stronger effect of demographic history on the diversity of human X chromosomes than on autosomes 12 . A recent study suggests hard selective sweeps to be rare in recent human evolution on both autosomes and X chromosomes 14 , but exome sequencing 16 suggests that 30-40% of X-linked amino acid changes in the central chimpanzee lineage has been fixed by positive selection.
Here we present a comparative analysis of X chromosome evolution based on recently published data from the great ape genome diversity project 17 . The data allows independent investigation of the outcomes of recent X chromosome evolution in at least the four completely independent lineages of orang-utans, gorillas, chimpanzees and bonobos. At the same time the data permits analysis of adaptive evolution on all branches of the great apes phylogeny. We find that adaptive evolution on X chromosomes is much more prominent than on autosomes in most of the great ape species and that the X chromosome has recently been targeted by a large number of selective sweeps with very high selection coefficients.
Results

Selection affects the X chromosomes differently than the autosomes
The comparative analysis is based on 1.7 Gb of each genome of the nine (sub)species investigated, called from the mapping against human reference genome (Supplementary Table   1 -3) . Genetic diversity of each species is based on 4-27 mainly female individuals except for the eastern lowland gorilla with two males and one female. In all species, the diversity within the X chromosome is less than 75% of the autosomal diversity. Particularly low ratios are found in eastern lowland gorilla and bornean orang-utans, which both experienced a recent population bottleneck, an event expected to have a more immediate effect on the X chromosome 5, 17 .
In all species, exons show lower diversity than introns and intergenic sequences, and this pattern is more pronounced on the X chromosomes ( Figure 1a) . In all species, the diversity increases with distance from genes, but X chromosomes have a steeper relationship as seen from the positive correlations between distance and the diversity ratio of X chromosomes to Figure 4 for the distribution of pi values). In many cases, reduced diversity is accompanied by an increased proportion of singletons among polymorphic sites measured in the same windows. Regions of reduced diversity overlap to a large extent among species, but most have normal levels of diversity in at least one species. The western lowland gorilla shows the most striking patterns, followed by the orang-utans, the western chimpanzee, and the other chimpanzees, whereas bonobos show less and more local reductions in diversity.
The diversity pattern in eastern lowland gorilla is unresolved due to extreme overall reduction of diversity, possibly due to the small number of sampled X chromosomes, and therefore this species is omitted in subsequent analyses. Figure 3a shows the percentage of the 100 kb windows with average nucleotide diversity less than 20 % of the chromosomal average for autosomes and X chromosomes for each species along the diagonal. The off-diagonal numbers show the extent to which these regions overlap. Evidently, such reduced diversity regions are generally rare on the autosomes but very common on the X chromosome in several species and the overlap between genera is appreciable.
To search for possible explanations for the strong reductions in diversity we first investigated divergence patterns for evidence of a reduced mutation rate. Only a minor reduction compatible with reduced polymorphism in the ancestral species is indicated (Supplemental Figure 5 ), ruling out appreciable mutation rate variation. We know of no demographic scenario that could reduce diversity locally along X chromosomes but not on autosomes, leaving natural selection targeting the X chromosome as the only possible explanation. Since at most 10% of nucleotides in the regions and likely less is under evolutionary constraint 18 , the reductions in diversity must result from indirect selection in the form of background selection or selective sweeps. From deterministic calculations we conclude that background selection is unlikely to reduce diversity to less than 70% over Mega base regions (see Supplement Information for details), leaving soft or hard selective sweeps as the only possible explanation for our observations. Computer simulations of models of soft and hard sweeps, summarized in Table 1 (see Supplementary Information for details), show that even with large selection coefficients (up to s = 0.5) and a low allele frequency at the onset of positive selection (p 0 = 0.01), soft sweeps are expected to strongly affect diversity only in regions less than 250 kb wide. Thus, a very large number of soft selective sweeps within the last 200 kya are required to explain the reduced diversity, and several independent soft sweeps are needed to reduce diversity to 20% within a window of just one mega base. Fewer hard selective sweeps would be required, but with the effective population sizes in the range of 10,000-50,000, even a selective coefficient of 0.1 is expected only to reduce diversity to 75% and 25% in regions of 1 Mb and 190 kb, respectively (Table 1) . To explain >5 Mb-wide regions of low diversity from the expected effect of single hard sweeps, selection coefficients of 0.5 are required, otherwise several sweeps are needed in each of the large regions.
Hard selective sweeps are expected to have strong effects on allelic differentiation among populations, and the proportion of singletons among SNPs should increase in regions around each positively selected site. The absolute divergence between the two orang-utan species and among chimpanzee subspecies is indeed much higher in regions where one or both of the populations has reduced diversity ( Figure 3b ). The same patterns are evident for Fst among the chimpanzee sub-species and between the two orang-utans (see Supplementary Figure 6 ).
In addition, the low diversity regions have a higher non-synomynous to synonymous substitution ratio than the rest of the X chromosome in all species by 30 -50%, except for gorilla where the ratio is comparable (Supplementary table 4 ). This again supports that reduced diversity is derived from positive selection, rather than background selection.
Positive selection on the X chromosome is prevalent among the great apes
To quantify the overall amount of positive selection on the X chromosomes we estimated the alpha value, the proportion of positively selected sites among substitution, using McDonaldKreitman inspired analyses 11, 19 for each species separately. Divergence was measured to the ancestral great ape 17 for African great apes and to human for orang-utans. In addition to the traditional contrast between evolution of synonymous and non-synonymous sites within and between species, we also investigated promoters and 3'UTRs for evidence of positive selection by contrasting these with repeats in the same regions. For all species, the alpha values are much higher on the X chromosomes than on the autosomes, often exceeding 50% of all fixations ( Figure 4a ). For autosomes, the corresponding alpha values are often estimated as negative, suggesting segregation of slightly deleterious non-synonymous variations. The ratio of non-synonymous to synonymous polymorphisms (and corresponding values for promoter and 3'UTR) is lower in general on the X chromosomes than on the autosomes arguing against weaker purifying selection on X chromosome ( Figure 4b ). Furthermore, enrichment of non-synonymous singletons on the autosomes is seen in all species, while on the X chromosome only three out of nine species have the enrichment of singletons for the non-synonymous SNPs (figure 4c). Taken together, these results suggest that the alpha values for the X chromosomes are not inflated by an increased fixation of slightly deleterious nonsynonymous substitutions.
Discussion
The availability of many genomes from all the great ape species and subspecies allows us to observe independent realizations of the evolutionary processes shaping genetic diversity on the X chromosome. Several theoretical studies have suggested that adaptive evolution is expected to be more prominent on the X chromosome 20, 21 and this has been supported by empirical observations in chimpanzees 16 .
A number of phenomena may explain the prevalence of positive selection on the X chromosome. First, recessive beneficial mutations on X chromosomes are immediately selected upon in the heterozygous males, whereas such mutations on autosomes must reach appreciable frequencies before selection becomes effective. Thus, if new beneficial mutations are generally recessive, mutations on the X chromosome are more likely to be fixed 16, 20 .
Second, sexually antagonistic selection is also expected to be more frequent on the X chromosome. Recessive mutants beneficial to males are more likely to fix because they are subject to stronger selection even when deleterious effect on females far exceeds the beneficial effect on males 21, 22 . Third, male reproduction genes are enriched on the X chromosome 23 . Such genes are typically under strong selective pressures 24, 25 and may contribute to adaptive evolution of the X chromosome. Whereas these explanations may account for the large proportion of sites fixed by positive selection as measured by the
McDonald Kreitman test they do not easily explain how positive selection produce the surprising abundance of mega base wide depressions in diversity in gorillas, chimpanzees and orang-utans.
While it is possible that selection on single new mutations (hard sweeps) may have produced each trough in diversity this would require selection coefficients at least twice as large as those acting on the lactase gene 26 , the strongest known selective sweep in humans.
Alternatively, numerous sweeps may have acted together to produce these regions. This is plausible considering the overlap of regions with the depressed diversity among species. To investigate possible causes of such repeated strong selection we performed gene ontology analysis to test if genes in a specific functional category are enriched in these regions. We found that genes associated with 'nuclear RNA export factor complex' are significantly enriched (corrected p value = 0.0287). These genes include NXF3 and NXF2, which are involved in spermatogenesis 27, 28 . Genes expressed exclusively in human testis are not enriched in these regions (p = 0.260, Supplementary Table 5) , but further gene expression data from non-human great apes is necessary to support this conclusion.
A recent study 29 found that both human and mouse X chromosomes possess many ampliconic regions expressed exclusively in testis, and in mouse, 273 ampliconic genes are also expressed in postmeiotic cells 30 . These regions have a very dynamic turnover process of genes compared to regions with singly-copy regions, which are well preserved between human and mouse in support of Ohno's law 29 . Overlaying the diversity patterns with the positions of ampliconic regions we observe a striking concordance with regions of putative selective sweeps in all species (green lines in Figure 2 ). The enrichment of ampliconic regions is highly significant (Table 2) , also when correcting for variation in gene density along the chromosome (Supplementary Table 6 ).
We hypothesize that the X-linked ampliconic regions are associated with selection for germ cell expression and intra-genomic conflict with genes on the Y-chromosome. A new duplication in an ampliconic region may be strongly selected for if it leads to preferential transmission of the X or Y chromosome, either during spermatogenesis or through competition between sperm cells carrying different sex chromosomes. A segregation distortion of >10% is more easily envisioned than similar selection coefficients acting on organism fitness alone. In response to fixation of a segregation distorter, compensatory mutations will be under very strong selection as well. Strong selective sweeps on both the X and Y chromosomes may be the result of such an arms race. If true, this suggests that intragenomic conflict and co-evolution between ampliconic genes on X and Y chromosomes is a major driver of sex chromosome evolution in the great apes. In line with this conjecture, correlated gene amplification in mouse between sexually antagonistic X-linked Slx genes and Y-linked Sly genes, has been suggested to be a consequence of intra-genomic conflict between X and Y chromosomes balancing the sex ratio 31, 32 .
Intra-genomic conflict of the X and Y as outlined here may also explain the specific role for the X chromosome in hybrid depression among recently formed species and provide a major role in speciation among the primates. This is in line with a recent study showing that
Neanderthal introgression in extant humans is severely depressed on the X chromosome 33 .
Improved assembly of ampliconic regions in all great ape species, investigation of standing copy number variation of the regions and sequencing of the Y chromosomes will be pivotal for testing this hypothesis.
Methods Summary
We used the pipelines of the whole genome sequences and the variants of the great apes species from the great ape genome diversity consortium 17 , mapped against hg18, followed by filtering out pseudo-autosomal regions, uncalled positions in any species, and heterozygous positions in male X chromosomes. The sequences were annotated with the refSeq and the ANNOVAR software 34 . The promoter is defined as the DNase I hypersensitive sites 35 located within 5 kb upstream regions of the transcription start sites and in the 5' UTR sequences. The pi value, the nucleotide diversity, was calculated using the formula of Nei and Li 36 . To calculate the pi values according to the distance from genes, we grouped all positions according to the distance from the nearest transcript by 5 kb, followed by calculating the pi value in each group. For each non-overlapping 100 kb window across the genomes, the pi value and the proportion of singletons among SNPs were calculated from called sites. All windows with less than 30% of called sequence were excluded. The population differentiation was estimated from mean allele difference of all SNPs and Fst values in the same windows 37, 38 . Statistical analysis to find the enrichment of reproduction and ampliconic genes was performed using the fisher's exact test. The gene ontology test was performed using the GOrilla software 39 . For calculating the alpha value, we used the site frequency spectrum to control for the effect from slightly segregating deleterious mutations using the DFE alpha 11 and used the pre-calculates of ratio of nonsynonymous to synonymous sites in the amniotes 40 . Figure 1 . Diversity levels in and outside genes on autosomes and X chromosomes. The phylogenetic relation among all investigated great apes is shown above. The nucleotide diversity of X chromosomes, autosomes, and the diversity ratio, (A) in exons, introns and intergenic regions, and (B) in windows binned according the distance from the nearest transcript (95% of confidence intervals from 1,000 bootstrapping iterations are shown). denotes nonsynonymous sites) for autosomes (red) and X chromosomes (blue) with significance, calculated by 100 times of bootstrapping. B. The relative ratio of the polymorphisms in the functionally constrained sequences to that in the neutrally evolving sequences. C. The proportion of singletons among SNPs (***, **, *, +, and ns denotes the p values with < 0.001, < 0.01, < 0.05, <0.10, and >= 0.10, respectively). 
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Background selection
At a loci with no recombination the reduction in diversity is given by exp(-U/2s) where U is the deleterious mutation rate and s the selection intensity (Durrett 2002 Theorem 6.7; Charlesworth et al. 1993) . Both U and s are unknown, but approximate U as the product of the per-base mutation rate, u, the fraction of bases that are functional, f, the fraction of mutations of functional sites that will be deleterious, d, and the size of the locus under consideration, L:
Assuming that the mutation rate in the great apes is similar to humans, we have a mutation rate of u = 1.2e-8 per generation (Kong et al. 2012) . Further assuming that the fraction of functional sites is roughly proportional to the fraction of sequence that is exons (ENCODE results aside), f is in the range 1-3%. To err on the side of too much reduction we will use f = 5%. For d we can, erring again on the side of too much reduction, use the expected fraction of non-synonymous to synonymous mutations d = 70%. For L it is harder to think of an obvious size for a recombination free region, considering that all regions recombine, but we can try to vary L a few orders of magnitude. For a range of s values, the reduction is plotted below:
As apparent from the plot, it is possible to reduce the diversity significantly -to the point of practically no variation -provided that the selection is sufficiently weak. There is a limit to how weak we can set s, however, since s < 1/Ne are effectively neutral (Charlesworth et al. 1993) . In great apes Ne is on the order of 1e4, and in ranges where s is expected to have an effect the reduction is quite limited. 
Regions with recombination
While it is unrealistic to have very large regions without recombination, we can also include recombination in a model that assumes background selection in a region of size L with both recombination and deleterious mutations. In such a region the reduction in diversity is given by exp(-U/(2s + R)) where U is given by U = 2 u f d L as before and where R = 2 r L is the total recombination in the region and r is the per-basepair recombination rate (Durrett 2002 equation 6.24).
The mean recombination rate in humans is about 1 cM/Mb and presumably the rate is similar in the other great apes. The lower the recombination rate, the stronger the effect of background selection, and the regions we consider do have low recombination. However, they are reduced by less than an order of magnitude. Plotting the reduction for r between 0.1 cM/Mb and 1.0 cM/Mb and varying region sizes, L, we get the plot below for s = 1e-4 (around the lower limit for what we can reasonably assume to be under selection for the effective population sizes of the great apes):
With smaller (but unrealistic) selection parameters diversity will drop faster as a function of L and for larger s it will drop slower. The plot below shows this for three different selection strengths and the four recombination rates shown above: 
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While it is possible to reduce diversity considerably with background selection, it seems to require unrealistically small selection strengths or recombination rates. Requiring s > 1/Ne for the effective population sizes seen in great apes makes it hard to reduce the diversity by more than a few percent unless the recombination rate is unusually low, and even for megabase large regions with a recombination rate below one tenth of the genomic average the diversity is still only reduced to about 70%. With a more realistic, although still low, recombination rate of 0.5 cM/Mb less than 10% of the diversity is expected to be lost. 
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Simulation of sweeps
To assess the potential effect of hard and soft sweeps on diversity on the X chromosome we performed a large number of simulations exploring combinations of selection coefficients s, effective population sizes N, and frequencies, f, of the selected variant at the onset of selection. We assume a discrete generation Wright-Fisher model and sample frequency trajectories of variants selected by coefficient s using rejection sampling (rejecting trajectories where the selected variant does not go to fixation). Trajectories for hard sweeps thus begin with one and proceed to 2N * ¾ by repeated binomial sampling with probability parameter N mut /(N mut + (N -N mut )(1-s)), where N mut is the number of selected variants in the previous generation. Trajectories for soft sweeps begin with an initial frequency f of the selected variant and are prepended with a trajectory from 1 to f * 2N * 3/4 representing variant frequency prior to the onset of the selection. We consider a sample of two sequences representing 10cM (10Mb assuming a recombination rate of 1 cM/Mb) with the selected variant at the 5' position (assuming that effect of a sweep is symmetric). To compute the time to the most recent common ancestor along the two sequences we simulate coalescence with recombination.
Examples of trajectories with s=0.01 and N=10.000 for a hard sweep (top) and a soft sweep (bottom) with initial frequency 10%.
Given a recombination event the sequence to the right of the recombination point will become unlinked from the sweep. Lineages carrying the selected variant can only share an immediate ancestor with another lineage also carrying the variant. However, lineages not linked to the selected variant may coalesce with one that is and link the resulting lineage back into the sweep. The simulation proceeds until all sequence segments separated by recombination events have found a most recent commons ancestor (TMRCA). For each combination of parameters s, N and f we perform 1000 simulations and the mean TMRCA is computed in bins of 100kb. To more accurately measure the effect of week sweeps we performed 20,000 simulations with samples of two 0.5 cM sequences and computed the mean TMRCA is computed in bins of 10kb. Genetic distance (cM) from selected variant to 10kb bin midpoint Mean TMRCA in generations
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Time to most recent common ancestor as function of genetic distance to selected variant for combinations of selection coefficients (right) and frequency of variant before onset of selection (top)
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Same as above but with N=50.000, 10kb bins and based on 20.000 simulations. Supplementary Table 4 . The higher ratio of nonsynonymous to synonymous substitutuion in the reduced diversity. The number of substitution from the ancestral great apes for African great apes and from hg18 for orang-utans was compared between the regions of the reduced diversity from multiple major lineages of the great apes and the rest of X chromosomes. The p values were calculated by the one-tailed fisher's exact test. Table 5 . Test for enrichment of reproduction in the low diversity regions. The one-tailed fisher's exact test was performed to test the enrichment of testis-specific genes and ovary-specific genes in the regions with low diversity compared with the rest X chromosomes. 'Shared' denotes the regions in which the low diversity was observed from multiple major lineage among great apes. Supplementary Table 6 . Test for enrichment of ampliconic genes in the low diversity regions. The one-tailed fisher's exact test was performed to test the enrichment of ampliconic genes in the regions with low diversity compared with the rest X chromosomes. 'Shared' denotes the regions in which the low diversity was observed from multiple major lineage among great apes. A. Both autosomes and X chromosomes have negative correlations between the relative reduction of exonic diversity to intergenic diversity and the autosomal diversity (r = -0,69, p = 0.0410 for autosomes; r = -0.63, p = 0.0707 for X chromosomes). B. For each chromosome, correlation between the relative reductions of exonic diversity with intergenic diversity of corresponding chromosome was also calculated. X chromosome has comparable correlation coefficient with autosomes. Please note that the intergenic sequences are divided into two groups to avoid autocorrelation and these two are used to estimate the relative reduction of the exonic diversity (y axis) and to infer the population size (x axis), respectively. The relationship between the proportion of non-synonymous polymorphisms to synonymous polymorphisms and the intergenic diversity. The ratio of nonsynonymous to synonymous heterozygosity is negatively correlated with the intergenic pi values in autosomes (r = -0.89, p = 0.0011), implying more efficient purifying selection with a lager population size. For X chromosomes, the correlation is not significant (r = -0.10, p = 0.8046). But when Eastern Lowland Gorilla is excluded, the correlation is strongly significant (r = -0.87, p = 0.0065). The pi value (blue) and the proportion of singletons (black) along chromosome 7, which has a comparable size with X chromosomes. Putative candidate sweeps are identified from the lower pi values than 20% of mean of the chromosomes and denoted as red bars.
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